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a  b  s  t  r  a  c  t
Photocatalytic  conversion  of  CO2 to  either  a renewable  fuel  or valuable  chemicals,  using solar  energy  has
attracted  more  and more  attention,  due to the  great  potential  to provide  an alternative  clean  fuel  and
solve  the problems  related  to  the  global  warming.  This review  covers  the  current  progress  of  photocat-
alytic  conversion  of  CO2 by  photocatalysis  over  the  metal  oxides.  A  brief  overview  of  the  fundamental
aspects  for  artiﬁcial  photosynthesis  has  been  given  and  the  development  of novel photocatalysts  forvailable online 1 January 2014
eywords:
arbon dioxide
emiconductor photocatalysts
CO2 photoreduction  has  been  discussed.  Several  key  factors  for high-efﬁciency  CO2 photoreduction  and
the recent  development  of  photocatalytic  reactor  design  for  this  artiﬁcial  photosynthesis  have  also  been
highlighted.
©  2014  The  Authors.  Published  by  Elsevier  B.V.  Open access under CC BY license.hotoreduction
eactor
. Background
Global warming is considered to be one of the major environ-
ental concerns that humankind is facing [1]. Carbon dioxide (CO2)
ontributes largely to the global climate change because it is one
f the main greenhouse gases that are present in the atmosphere.
O2 takes part in raising the global temperature through absorption
f infrared light and re-emitting it. International Panel on Climate
hange (IPCC) predicted that atmospheric CO2 level could reach up
o 590 ppm by 2100 and the global mean temperature would rise
y 1.9 ◦C [2]. The impact of greenhouse effect will be global and
erious in many different aspects, such as ice melting at the Earth’s
ole, fast rising sea level and increasing precipitation across the
lobe [3]. Energy generation by fossil fuel combustion dominates
O2 emission and fossil fuel will be inevitably depleting. Therefore
t is urgent for the scientists to ﬁnd a renewable energy resource to
itigate the effect of global warming as well as meet the increasing
nergy demand [4].
In principle, there are at least three routes of reducing the
mount of CO2 in the atmosphere, including direct reduction of
O2 emission, CO2 capture and storage (CCS), and CO2 utilization
5–7]. Despite the increasing utilization efﬁciency of fossil fuels,
o dramatically lower the CO2 emission seems difﬁcult due to the
∗ Corresponding authors. Tel.: +44 02076792747.
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unwang.tang@ucl.ac.uk (J. Tang).
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Open access under CC BY license.increasing population and demand for high quality of life. The
capacity of CCS technology is also limited due to the environmental
risk of leakage and the energy requirement for gas compression
and transportation. During the past decade, growing concerns
have driven research activities toward the artiﬁcial conversion of
CO2 into fuels or valuable chemicals, through thermochemical,
biological, electrochemical or photocatalytic methods [8–10]. In
the long term, artiﬁcial photosynthesis, photocatalytic conversion
of CO2 using solar energy is the most attractive route for the
transformation of CO2 [11,12]. The interest in such ﬁeld has been
aroused dramatically after several examples which demonstrated
photoelectrocatalytic reduction of CO2 to organic compounds in
1970s [13]. Especially, the pace has recently increased enormously,
because of the promoting effect of advanced technologies (e.g.
nanotechnology and in-site advanced characterization) on the
development of novel photocatalysts.
This review covers the approaches and opportunities of the
artiﬁcial photosynthesis driven by solar energy using CO2 as the
raw material, including both material design and reactor engineer-
ing. The basic processes for the photocatalytic synthesis will be
presented ﬁrst. A signiﬁcant proportion of the review focuses on
the rational design of metal oxide photocatalysts with enhanced
photocatalytic activity and the critical factors for high-efﬁcient
photoconversion of CO2. The recent development of photocatalytic
reactors for the artiﬁcial photosynthesis is also highlighted.2. Artiﬁcial photosynthesis and the major elements
Photocatalytic CO2 conversion makes use of semiconductors
to promote reactions in the presence of light irradiation which is
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2Fig. 1. Schematic diagram of photoexcitation and electron transfer process.
nown as artiﬁcial photosynthesis. This review covers the artiﬁcial
hotosynthesis by metal oxide photocatalysts. The basic process
an be summarized into three steps: (1) generation of charge carri-
rs (electron–hole pairs) upon absorption of photons with suitable
nergy from light irradiation, (2) charge carrier separation and
ransportation, (3) chemical reactions between surface species and
harge carriers [14,15]. Photocatalytic CO2 conversion is a compli-
ated combination of photophysical and photochemical processes.
he redox reaction is initiated by photoexcitation when the energy
f photons equal to or greater than the band gap of a semiconductor
s received by a photocatalyst. Then the electrons are excited from
he valence band (VB) to the conduction band (CB). VB is the highest
nergy band occupied by electrons and CB is the lowest in which
here is no electron at the ground state [16]. As shown in Fig. 1,
he electrons and holes undergo intra-band transitions. They can
ravel to the surface, combine at the trap sites (recombination pro-
ess) through radiative or non-radiative pathways. Alternatively
hese electrons can travel to the surface of semiconductor and react
ith surface adsorbed species (CO2 in this case), if recombination
appens slower than the reactions during transitions [17].
However, not all the electrons reaching the surface can reduce
O2 which is a thermodynamically inert and very stable com-
ound. Compared with most of the reduction methods mentioned
bove which require high-energy input, either at high-temperature
nd/or under high pressure [18], photosynthesis does not require
xtra energy except solar irradiation. Photogenerated electrons at
igher reduction potential level can offer driving force (also called
ver-potential) for the expected chemical reactions. The reduction
otential measures the capability of a chemical specie to gain elec-
rons. Species with a lower (more positive) reduction potential will
ain electrons (i.e. be reduced) and those with a higher (more neg-
tive) reduction potential will lose electrons (i.e. be oxidized) [19].
n order to reduce CO2 into carbon monoxide or hydrocarbons,
lectrons in the semiconductor are required to have more nega-
ive chemical potential, while for water oxidation, holes need to
ie on more positive potential level. Eqs. (1)–(8) illustrate the path-
ays for the generation of solar fuels and the related potentials at
H = 7 [20].
eaction Eo (V vs NHE)
O2 + 2e− → •CO2− (1) −1.90
O2 + 2H+ + 2e− → HCOOH (2) −0.61
O + 2H+ + 2e− → CO + H O (3) −0.532 2
O2 + 4H+ + 4e− → HCHO + H2O (4) −0.48
O2 + 6H+ + 6e− → CH3OH + H2O(5) −0.38
O2 + 8H+ + 8e− → CH4 + 2H2O (6) −0.24
H2O + 4 h+ → O2 + 4H+ (7) +0.81
H+ + 2e− → H2 (8) −0.42y 224 (2014) 3–12
From a thermodynamic point of view, formation of methane and
methanol are more favorable in CO2 reduction, since these reac-
tions take place at lower potentials. However, the kinetic drawback
makes methane and methanol formation more difﬁcult than carbon
monoxide, formaldehyde and formic acid because more electrons
are required for the former reactions [21]. Moreover, the 2–8 elec-
trons and protons reactions to obtain the desired products are
extremely difﬁcult. Due to the complicated nature of the inorganic
photocatalyst surface, the interaction between photocatalyst and
absorbed species may  undergo a series of one-electron processes
instead of a multi-electron, multi-proton process. Thus the actual
redox potential required is determined by the reaction pathway. For
example, if CO2 reduction is initiated by single electron reduction
of CO2 to CO2−, the potential is around −1.9 V vs NHE. With such
concern, being able to discharge multiple electrons with protons
at a time is important to improve reaction efﬁciency. Thus, gener-
ating sufﬁcient electron–hole pairs, separating charges efﬁciently
and providing active catalytic sides are the paramount factors for
CO2 photoreduction.
Although photoreduction of CO2 shows great potential [22,23],
at present one of the greatest drawbacks is the low conversion efﬁ-
ciency. Herein, some of the key factors which limit the efﬁciency are
listed: (1) mismatching between the absorption ability of semicon-
ductor and the solar spectrum; (2) poor charge carrier separation
efﬁciency; (3) low solubility of CO2 molecule in water (approxi-
mately 33 mol  in 1 ml  of water at 100 kPa and room temperature);
(4) back reactions during reduction of CO2; and (5) competition
reaction of water reduction to hydrogen [24].
UV radiation only contributes less than 4% to the whole solar
spectrum and 43% of the solar energy lies in the visible light region.
To ﬁnd a photocatalyst which can absorb visible light meanwhile
has high enough CB position is one of the main goals of the research.
An overpotential is necessary as a driving force for charge carrier
transport and reactions, thus practical requirement for CO2 con-
version is usually greater than the theoretical energy required to
produce the desired products [25].
Although directly matching the band gap of a semiconductor to
the solar spectrum is challenging, several strategies have been used
to improve the absorption ability of an inorganic photocatalyst.
Doping with elements has been pursued to sensitize photocatalyst
with a wide band gap, toward visible light absorption. As a broad
and active topic, doping of photocatalysts with metal ions (Fe3+,
Zn2+, W6+, etc.) and non-metal ions (C, N, S, B, etc.) have already
been widely studied in several review papers [26–30]. Therefore, a
brief and general introduction is mentioned in this review. Doping
does not only retard the fast charge recombination, but also intro-
duce defect states (interband states or mid-gap levels) [31]. For
example, it was reported that the narrowed band gap of a semicon-
ductor after doping with non-metal ions (e.g. N or C) is ascribed to
the mixing of p states of the dopants with O 2p states to form a new
valance band [32]. However, the function of doping on CO2 conver-
sion is still arguable. Formation of semiconductor heterostructures
is another effective way to enhance the light absorption and charge
separation. Due to the band alignment, the band bending induces a
built-in ﬁeld, which drives the photogenerated electrons and holes
to move in the opposite direction [33]. Semiconductor quantum
dots (QDs) are also considered as an ideal choice for the coupled
component in the heterostructures. In the presence of QDs, the
visible light response of the photocatalysts is easily adjusted. In
addition, QDs can also utilize hot electrons to generate multiple
charge carriers when excited by a single high energetic photon,
leading to an increased amount of the charge carriers [34]. Sim-
ilarly, organic dyes are often used as sensitizers to enhance the
visible light absorption of a semiconductor. Under irradiation, dyes
can inject photoexcited electrons into the conduction band of the
semiconductor. However, the electron transfer efﬁciency between
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he dye sensitizer and the semiconductor depends on many factors,
uch as the LUMO level of the dye and the conduction band edge of
emiconductor [35].
When CO2 is reduced by the photogenerated electrons, utiliza-
ion of an equal number of photogenerated holes should also be
onsidered. Otherwise, the accumulation of the holes in a photo-
atalyst will increase the probability of charge recombination and
horten the lifetime of electrons. In addition, it is believed that holes
ould play a negative role in the photocatalytic reaction if they
annot be used efﬁciently, such as photocorrosion of the photo-
atalysts. The use of artiﬁcial electron donor to scavenge the holes
s the most popular solution [36]. However, the process and energy
sed to synthesize the artiﬁcial electron donor needs to be taken
nto account since it may  cause more CO2 emission. Water is con-
idered to be the ideal electron donor. Nevertheless, the large water
xidation potential is the main drawback, only very few photocata-
ysts that can reduce CO2 and oxidize water simultaneously have
een reported [37,38].
Competition from water reduction process by photogenerated
lectrons is also problematic when water is used as an electron
onor. In comparison to most of the CO2 reduction routes, reducing
ater is a relative easy process in term of kinetics and thermody-
amics. In thermodynamics aspect, the reduction potential of water
o hydrogen is 0.0 V (pH=0) which is more positive than CO2 reduc-
ion to CO, formic acid and formaldehyde. In kinetics aspect, water
eduction is a 2-electrons process, it is more facile than most of the
O2 reduction which required 4–8 electrons. While CO2 reduction
s also limited by its low solubility in water, the water reduction
oes not suffer from the similar problem, thus the chance for elec-
rons to meet and react with water is much higher than with CO2.
lthough very little investigation has been conducted to address
his problem, it is generally agreed that the reaction selectivity can
e controlled by modifying photocatalysts’ morphology, changing
he exposed facets and introducing new reaction sides. It is believed
hat particular atom arrangement on the surface can be more favor-
ble to absorb CO2 molecule than water molecule on the surface.
wo different morphologies of Cu2O have been found to have dra-
atic difference in products’ selectivity [39]. Co-catalyst loading
as also claimed to be able to vary the reduction products’ selectiv-
ty, Ag and Cu are commonly used as co-catalysts for CO2 reduction
hereas the loading of Pt or Au is more favorable for hydrogen
roduction.
. Metal oxide photocatalyst for CO2 conversion
Inoue et al. demonstrated CO2 photoreduction over various
emiconductors under 500 W Xe or Hg lamp in the presence of
lectrical bias in 1979 [40]. The one or more converted products
uch as formaldehyde, formic acid, methanol and methane were
etected on different materials. Since then, there have been some
eports on CO2 photoconversion. Compared to the material devel-
pment for the analog process, photocatalytic water splitting, fewer
aterials have been developed for photoreduction of CO2. Many
hotocatalysts that are acknowledged as good candidates for water
plitting cannot reduce CO2 due to the kinetic difﬁculty. Although
ome sulﬁdes and nitrides have been reported to be active for CO2
onversion, the metal oxides are more preferable [41,42], due to
heir potential advantages over sulﬁdes and nitrides, e.g. relatively
afe to handle, fairly low cost and considerably stable, thus partic-
lar attention is paid to photoreduction of CO2 using metal oxide
hotocatalysts below.. Titanium dioxide
TiO2 is the most investigated photocatalyst for artiﬁcial photo-
ynthesis. Pure titanium oxide has three common mineral phases,y 224 (2014) 3–12 5
including anatase, brookite and rutile. Photocatalytic conversion of
CO2 over single-phase or mix-phase TiO2 has been widely inves-
tigated. The phase structure and surface properties of TiO2 have a
signiﬁcant inﬂuence on the efﬁciency of photoreduction. Liu et al.
compared the photoactivity for CO2 photoreduction to CO and CH4
over TiO2 in three different phases [43]. It was  found the brookite
had the highest CO and CH4 yield. Although rutile showed small-
est band gap which had the strongest visible light absorption, it
was the least active photocatalyst. The application of mix-phase
TiO2 was more attractive. It has demonstrated an enhanced visible
light harvesting ability and the anatase-dominated mixed phase
was beneﬁted to CO2 photoreduction [44]. The enhancement was
also attributed to the junction effect between rutile and anatase
resulting an efﬁcient charge separation.
Morphology of TiO2 has signiﬁcant inﬂuences on the photoacti-
vity of CO2 reduction. TiO2 nanorods and nanotubes have attracted
much attention due to their large surface area, reduced grain
boundaries and facile charge transport paths of 1-D nanomaterials
[45]. For example, mixed-valence state Pt dispersed TiO2 nanotube
(TNT) was  used for CO2 photoreduction [46]. The Pt nanoparti-
cles were uniformly distributed on TiO2 nanotube (TNT) through
deposition of Pt complex. Due to the synergetic effect of tubular
morphology and the mixed valence Pt nanoparticles, CO2 adsorp-
tion ability of Pt/TNT was greatly improved. The in situ FT-IR
study also showed that Pt/TNT was  extremely active toward the
hydrogenation of CO2 to methane at 100 ◦C. Zhang et al. further
optimized the Pt loading amount, reaction temperature and the
ratio of H2O/CO2 in the reaction. The optimal condition for CO2
reduction was  determined to be: 0.15 wt% Pt-loaded TNT with
H2O/CO2 molar ratio of 0.9:1 at 343 K [47]. The inﬂuence of anneal-
ing temperature on the speciﬁc photocatalytic reactions was also
studied by other groups. Vijayan et al. reported that TNT calcined
at 400 ◦C had the best photocatalytic performance for converting
CO2 to methane [48]. On the other hand, Schulte et al. showed that
low-temperature calcination (550 ◦C) resulted in the lowest pro-
duction (0.26 mol m−2 h−1) whereas samples fabricated at 680 ◦C
had the highest production rate of 0.79 mol  m−2 h−1 owing to the
increased visible light harvesting [49]. The results are not aligned
which may  be due to different reaction conditions in different labs
and raises a serious question how to reasonably compare the activ-
ity of a photocatalyst reported by different groups. Varghese et al.
carried out an outdoor experiment over nitrogen-doped TNT arrays
under actual sunlight. 52% of nanotube surface was covered by Cu
and the rest was coated by Pt. A series of hydrocarbons (methane,
oleﬁn branded parafﬁn and other alkane) and CO were detected.
Their formation rates were found superior to the TNT without
co-catalyst or TNT with single co-catalyst. The maximum produc-
tion rate was  reported to be 111 ppm cm−2 h−1 [50]. Most recently,
Zhang et al. reported four-fold increase of CO2 conversion rate by
ﬁlling Cu–Pt binary co-catalyst inside the nanotube cavity, the SEM
images of which are shown in Fig. 2. When Cu0.33–Pt0.67/TNT was
used to photoreduce diluted CO2 (1% in N2), hydrocarbons (CH4,
C2H4, and C2H6) production rate of 6.1 mmol  m−2 h−1 was  achieved
under AM 1.5 illumination [51]. Copper decorated TiO2 nanorod
ﬁlms have also been used for CO2 photoreduction. With addition of
Cu nanoparticles, the CH4 production rate (2.91 ppm g−1 h−1) was
about two  time higher than that of bare titania ﬁlms, this might
be due to the enhanced electrons and holes’ separation or surface
plasmonic effect induced by the metal nanoparticles [52].
The unique pore structure and large surface area of mesoporous
materials have let their application toward CO2 photoreduction
rather attractive. Noble metals (Pt, Au, and Ag) loaded nitrogen
doped mesoporous TiO2 have been used for converting CO2 into
methane under visible light irradiation. Their photocatalytic activ-
ities followed the descended order of Pt/TiO2 > Au/TiO2 > Ag/TiO2.
The reason for this was  ascribed to the higher working function of
6 K. Li et al. / Catalysis Today 224 (2014) 3–12
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t, which facilitated the transfer of photogenerated electrons from
iO2 to noble metal particles [53]. The optimum loading amount of
t was found to be 0.2 wt%, with methane yield of 2.9 mol  m−2 h−1.
Dispersion of photocatalysts is noted to be another important
actor for efﬁcient photoreduction of CO2. Photocatalysts immo-
ilized in the zeolite or silicate frameworks are usually highly
ispersed, which offers unique pore structure and ion exchange
apacity for reactions [54,55]. It was reported that titania anchored
n zeolite had high selectivity for methanol formation. Selectivity
f reaction products could be controlled by the addition of the co-
atalysts, such as Pt is beneﬁcial for formation of methane rather
han methanol [56]. Ti-containing porous SiO2 ﬁlms could convert
O2 into CH4 and CH3OH with the quantum yield of 0.28%, which
as superior to dense phase TiO2 particles. The enhanced efﬁciency
as ascribed to the ligand-to-metal charge transfer, which was
aused by the excitation of isolated Ti centers by UV light [57].
urthermore, Ulagappam et al. used Ti silicate molecular sieves
o convert CO2 into formic acid, acetic acid and CO and the possi-
le reaction paths were investigated by FT-IR measurements [55].
he photoreduction of CO2 over TiMCM-41 molecular sieves was
arried out under laser light. The double electron transfer of CO2
enerated carbon monoxide, which was directly proportional to
he power of the laser [58].
.1. Non-titanium photocatalysts
Since the ﬁeld of artiﬁcial photosynthesis is advancing fast, the
amily of non-titanium photocatalysts for CO2 reduction is in paral-
el developing and updating in a rapid speed. Several types of metal
xide and mixed metal oxide semiconductors have been reported,
ncluding ZrO2, Ga2O3, Ta2O5, SrTiO3, CaFe2O4, NaNbO3, ZnGa2O4,
n2GeO4 and BaLa4Ti4O15, etc. [59–61]. As most of them have a
arge band gap, which can provide great overpotential for the reac-
ion, these metal oxides usually are UV active.
ZrO2 is a popular photocatalyst owing to its high CB position, its
hotogenerated electrons have large driving force for CO2 reduc-
ion. Sayama et al. investigated 1% Cu loaded ZrO2 to reduce CO2
sing NaHCO3 aqueous solution as CO2 source. The selectivity for
O was about 10% and H2 was the main reduction product indicat-
ng that electrons were tended to reduce protons in water [62].
ohno et al. and Lo et al. both investigated photoconversion of
O2 over ZrO2 in the presence of H2 under UV illumination. CO
as found to be the sole product of the reaction, with the yield
f 0.70 mol  g−1 h−1 and 0.51 mol  g−1 h−1 respectively [63–65].
ohno et al. further investigated the reaction mechanism. As
eported, ZrO2 reduces CO2 molecules into CO2− anion radicals,
hich subsequently reacts with H2 to form formate (HCOO−) on the
urface. The reaction between formate and another CO2 moleculend (b) Cu- and Pt-loaded TiO2 nanotube.
led to the formation of CO [66]. Similar results were also achieved
when CH4 was  used instead of H2, except the formation of extra
carbonaceous residue (CH3COO−) in the reaction [67]. When H2
was used as the reductant, the CO production rate was about
0.17 mol  h−1, followed by 3.3 mol  of CO additionally released
upon heating. In contrast, the CO yield was about 0.14 mol  h−1 in
the presence of CH4 reductant and further 1.5 mol  CO, 0.2 mol
H2 and 0.2 mol  CH4 were collected upon heating [68].
ALa4Ti4O15 (A = Ca, Sr, and Ba), with a layered perovskite struc-
ture and band gap of 3.79–3.85 eV, have been used for CO2
photoreduction. Iizuka et al. found that ALa4Ti4O15 can reduce
water without additional reductant. However, hydrogen was
the preferential reduction product [69]. BaLa4Ti4O15 was deter-
mined to be the most active photocatalyst and its selectivity
was shifted toward CO2 reduction after introducing Ag metals
on the surface. The effect of co-catalyst loading methods on the
photoactivity has also been investigated. The photoactivity has
been found in descending order: Ag production using liquid-
phase reduction by NaPH2O2 > impregnation and subsequent H2
reduction > impregnation > in situ photodeposition. The advanced
performance was  ascribed to the small particle size of Ag metals
and the uniform distribution of co-catalysts on the surface. The
optimal loading amount was determined to be 2.0 wt%  Ag-loaded
BaLa4Ti4O15, with maximum H2, O2, CO and HCOOH yields of
10 mol  h−1, 16 mol h−1, 22 mol  h−1 and 0.7 mol  h−1 [69].
For most of the other photocatalysts, O2 usually cannot be
detected while in the absence of artiﬁcial electron donor, which
raises concerns about the role of holes in the photocatalytic
reaction. Xie et al. employed self-doped SrTiO3−ı for CO2 pho-
toreduction under visible light. SrTiO3−ı was  prepared through a
carbon-free combustion method followed by the heat treatment in
argon, which could create sufﬁcient oxygen deﬁciencies and high
spin Ti3+ in the material. Because of the enhanced CO2 adsorp-
tion and the reduced band gap, methane production rate over
0.3 wt% Pt-loaded SrTiO3−ı reached 0.25 mol  m−2 h−1. The photo-
generated holes were thought to be consumed by the oxidization
of photocatalyst from Ti3+ to Ti4+. The assumption was  partially
backed up by the factor that photoactivity of SrTiO3−ı dramatically
decreased after 10 h. In order to regenerate Ti3+, the photocata-
lyst needed to be recovered by heating at 1200 ◦C in argon [70].
Although oxidation of photocatalysts was  seldom mentioned in the
other reports, which raises a serious issue about the photocatalyst
stability, decrease of photocatalyst performance was frequently
observed with prolonged reaction time.Several non-titanium metal oxides nanomaterials with special
morphologies have also been developed for photoreduction of CO2.
NaNbO3 nanowire was  fabricated through the hydrothermal syn-
thesis followed by the heat treatment. The CH4 evolution rate
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f nanowires reached 653 ppm g−1 h−1, much higher than that
f bulk NaNbO3 particle fabricated through solid-state reaction
22 ppm g−1 h−1) [71]. Yan et al. studied the photoreduction of
O2 into CH4 over ZnGa2O4. The CH4 production rate of meso-
orous ZnGa2O4 (5.3 ppm h−1) was superior to ZnGa2O4 obtained
y solid-state reaction (trace amount). The CH4 yield was  further
ncreased to 50.4 ppm h after loading 1 wt% RuO2 on mesoporous
nGa2O4 [72]. Liu et al. compared the photoactivities of Zn2GeO4
anoribbon and bulk Zn2GeO4 prepared through solid-state syn-
hesis. In the presence of 1 wt% RuO2 and 1 wt% Pt, the optimal CH4
ield of Zn2GeO4 nanoribbon was 25 mol  g−1 h−1, which is much
uperior to bulk Zn2GeO4 (only trace amount of CH4 detected)
73]. Although the overall water photooxidation and photoreduc-
ion by pristine Zn2GeO4 and RuO2-Pt-loaded Zn2GeO4 have been
bserved during photocatalytic water splitting, the yields of H2
nd O2 were not determined in the report [74]. The photoactivity
f highly porous Ga2O3 for CO2 reduction was four times higher
han that of commercial bulk Ga2O3, without the addition of co-
atalyst and sacriﬁcial reagent [75]. It was reported that the direct
onversion from CO2 to CH4 was realized in the absence of CO inter-
ediates, while holes were consumed by water to produce H+ and
H•. The enhanced performance of porous Ga2O3 was attributed
o the two-fold increase of surface area and the tripled CO2 adsorp-
ion ability. Tanaka et al. carried out the photoreduction of CO2
ver bulk Ga2O3 in the absence of H2O, using H2 as reductant. CO
as formed instead of CH4, with the yield of 10.96 mol  after 2
ays. It was noticed that about 7.3% of surface adsorbed CO2 was
onverted [76]. Subsequently, photoreduction of CO2 over ATaO3
A = Li, Na and K) was investigated under similar conditions. LiTaO3
howed the highest activity for CO production (0.42 mol g−1 in
4 h), while KTaO3 presented the lowest yield [77]. KTaO3 have the
mallest band gap among those three tantalate compounds and it
ave a suitable VB that can oxidize water [78]. It can potentially
educe CO2 using water as hole scavenger. To enhance its photoac-
ivity, KTaO3 nanoplate were synthesized in solvothermal reaction
79]. CO, H2 and O2 were detected without electron donor or electric
ias in our reaction. A seven times increase in CO yield over KTaO3
anoplate compared to the conventional KTaO3 was  achieved. The
ncrease was ascribed to the short electron diffusion distance to the
urface in the thin plate-like particle. Matsumoto et al. reported the
onversion of CO2 into methanol and formaldehyde over p-type
aFe2O4 in the solution of sodium hydroxide [80].
Developing visible-light-driven semiconductors for artiﬁcial
hotosynthesis is one topic of great interest with practical impor-
ance. Besides the self-doped SrTiO3−ı, unfortunately, only a few
andidates with both visible light response and acceptable photo-
ctivity have been reported even in the presence of electron donor,
uch as Cu2O, BiVO4, LaCoO3 InTaO4 and N-doped Ta2O5.
Since Punchihewa discovered Cu2O for photocatalytic reduction
f CO2 in 1989, Cu2O has been an attractive visible-light-driven
hotocatalyst for artiﬁcial photosynthesis [81]. However, stabil-
ty of Cu2O is still the biggest drawback to its application in
hotosynthesis, as Cu2O can be easily oxidized or reduced by photo-
enerated charge carriers. Punchihewa et al. found that formation
f formaldehyde and methanol reached maximum concentrations
n 30 min  and 45 min  respectively. After that, the product concen-
rations declined, because the back reaction by photogenerated
oles became faster than the reduction of CO2. More recently,
hotocatalytic reduction of CO2 into methanol over Cu2O/SiC was
endered by Li et al. [82]. The photocatalytic performance of SiC
anoparticles was improved by the modiﬁcation with Cu2O. As a
esult, the yield of methanol increased from 153 to 191 mol  g−1.
lthough a linear increase of methanol yields over Cu2O/SiC was
hown, the chemical state of Cu2O after the reaction was not men-
ioned. Thus, the problem of stability could not be excluded, as the
nhancement could be ascribed to Cu metal or thin layer of CuOy 224 (2014) 3–12 7
on SiC. For the practical application of Cu2O in the ﬁeld of solar
energy conversion, new strategies to form heterostructured pro-
tection layer are highly desirable. For example, with the protection
of Al-doped ZnO and TiO2 nanolayers, the stability of Cu2O elec-
trodes were signiﬁcantly improved for water reduction even if it
was not tested for CO2 conversion [83]. It was also reported that
the existence of robust carbon layer could improve the stability of
Cu2O [84]. In our previous research, it was  found that improved CO
conversion yield could be achieved by coupling Cu2O with RuO2,
forming a heterojunction which retarded charge recombination
[39].
Zou et al. ﬁrst reported the application of Ni-doped InTaO4 for
overall water splitting in the absence of scavenger under visible
light irradiation. With the aid of RuO2 or NiOx as a co-catalyst, H2
and O2 production in the stoichiometric ratio was  achieved. The
quantum yield at 402 nm was  reported to be 0.66% [85]. Later, Pan
et al. used NiOx/InTaO4 to convert CO2 into methanol. The role of
NiOx was ascribed to attract electrons and to provide active reac-
tion sites. With a proper deposition method (reduction followed by
oxidation), the maximum methanol yield was  1.394 mol  g−1 h−1
[86]. It should be noted that methanol was the only product in
the reaction. Other carbohydrates, CO, hydrogen or oxygen were
not mentioned. Wu et al. prepared InTaO3 nanoparticles with the
size of 17.7 nm by sol–gel method. Compared to InTaO3 fabricated
by solid-state synthesis, 37.5% increase was  achieved during the
conversion of CO2 into methanol [87]. The conversion efﬁciency of
CO2 into ethanol over monoclinic BiVO4 was found to be 17 times
higher than tetragonal BiVO4. The enhancement was ascribed to
the binding of CO32− to the Bi3+ sites by Bi O bonds [88]. Alco-
hols are widely used as hole scavengers, which can efﬁciently
extract the photoinduced holes, subsequently oxidize themselves
into CO2, CO, etc., therefore there is an argument about the detected
products which may  be produced by the surface organic contam-
inants absorbed during photocatalyst synthesis. Jia et al. studied
the photoreduction of CO2 over C and Fe co-doped LaCoO3 under
125 W Xe lamp with 400 nm long pass ﬁlter. For C-LaCo0.95Fe0.05O3,
formaldehyde and formic acid were collected with the maximum
yield of 19 mol g−1 h−1 and 128 mol  g−1 h−1 [89].
Doping is an efﬁcient way to enhance the visible light response
of photocatalysts. Visible light driven CO2 conversion into formic
acid was  realized over a wide bandgap material (Ta2O5) when mod-
iﬁed by nitrogen doping. In the presence of ruthenium complex,
hybrid photocatalysts showed the quantum yield of 1.9% under vis-
ible light (405 nm)  [90]. Suzuki et al. synthesized nitrogen doped
mesoporous Ta2O5 spheres, which exhibited enhanced visible light
response than N-doped Ta2O5 ﬁne particles [91].
In the past few years, graphene-based semiconductor photo-
catalysts have attracted a wide interest in the ﬁeld of solar fuel
production. It has been reported that coupling metal oxide with
graphene can not only enhances the visible light absorption, but
also improves the efﬁciency of charge separation, which are cru-
cial factors for visible-light-driven photocatalytic reduction of
CO2. The conversion rate of CO2 into methanol over NiOx loaded
Ta2O5/1.0 wt% graphene composites reached 0.5 mol  g−1 h−1,
which was  3.4 times higher than the corresponding photocata-
lyst without graphene. The enhanced conversion efﬁciency was
attributed to the superior conductivity of graphene and the facili-
tated charge transfer from Ta2O5 to active site of co-catalysts [92].
In situ simultaneous reduction-hydrolysis technique was  devel-
oped to fabricate TiO2/graphene hybrid nanosheets. The synergistic
effect of the surface-Ti3+ abundant TiO2 and graphene favors the
generation of C2H6, and the yield of the C2H6 increases with the
content of incorporated graphene [93]. Hollow spheres consisting
of titania nanosheets and graphene nanosheets were fabricated
by a layer-by-layer assembly method. As shown in Fig. 3, the
sufﬁciently compact stacking of ultrathin Ti0.91O2 with graphene
8 K. Li et al. / Catalysis Today 224 (2014) 3–12
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anosheets resulted in the nine times improvement [94]. However,
cientiﬁc research is highly desirable to understand the underlying
echanism of graphene-based photocatalysts for CO2 reduction,
s several aspects showed signiﬁcant inﬂuence on the efﬁciency of
omposites. For example, Liang et al. found that nanocomposites
ased on the less defective solvent-exfoliated graphene exhibited
 signiﬁcantly larger enhancement during the photoreduction of
O2 to CH4, compared to solvent-reduced graphene oxide [95]. The
abrication of high quality graphene-based composites is still chal-
enging and more efﬁcient strategies would need to be developed
o address these issues.
. Important factors for photoreduction of CO2
It is difﬁcult to compare the activities of different photocatalysts
eported by different groups by only considering the conversion
ate or quantum efﬁciency due to the differences among prepa-
ation methods and in particular test conditions. However, it is
enerally agreed that several aspects can be considered to improve
he photocatalytic performance of semiconductors.
The particle size of photocatalyst has great effect on the efﬁ-
iency of CO2 photoreduction. Decreasing particle size can often
esults in the larger surface area of the photocatalysts, which serves
ore active reaction sites for CO2 adsorption. The photocatalysts
ith smaller particle size also beneﬁt from the shorter transfer
athway for charge carriers to reach its surface. However, the
maller the particle size is, the more the particles’ boundary, which
ay inﬂuence the communication between these particles and thus
eads to a lower activity. Ye et al. prepared NaNbO3 by hydro-
hermal method and polymerized complex method separately.
aNbO3 nanoparticles fabricated by the polymerized complex
ethod exhibited much larger surface area than the hydrothermal
roducts, which were 38 m2 g−1 and 1.7 m2 g−1 respectively. As a
esult, treble and sextuple enhancements of O2 and H2 production
ate were achieved [96]. Several kinds of nanomaterials with typical
orphologies show great impact on the efﬁciency of CO2 reduc-
ion, such as one-dimensional nanorods and nanotubes with unique/Ti0.91O2/PEI/GO)5, (c and d) (G-Ti0.91O2)5 hollow spheres.
charge transfer paths, mesoporous nanostructures with consider-
able large surface area.
Besides particle size, controlling the facets of photocatalysts has
been proved to be an efﬁcient way  to improve the activity of photo-
catalysts. Our preliminary results showed that the photocatalytic
reduction preference shifts from H2 (water splitting) to CO (CO2
reduction) by controlling the exposed facet of Cu2O. The low index
facets {100} exhibit higher activity for CO2 photoreduction than
high index facets {111} [39].
Loading co-catalysts on the surface of photocatalysts is another
commonly used procedure to achieve substantial enhancement
on both conversion efﬁciency and products’ selectivity. It is gen-
erally known that the photoreduction reaction can be improved
by loading noble metal nanoparticles. On the other hand, metal
oxide nanoparticles are found to favor the oxidation reaction. The
choice of co-catalyst is crucial. Some noble metals are particu-
lar active toward water reduction while some are more suitable
for CO2 reduction. This is due to the co-catalysts providing active
catalytic sites for reduction of different absorbed species. The co-
catalysts also extract the photogenerated electrons or holes to
prolong the lifetime of the charge carriers. Although metal oxide
does not provide reduction catalytic reaction side, loading it on pho-
tocatalyst may still increase the reduction products’ yield, since it
will extract hole and extend the lifetime of electrons for reduction
reaction (e.g., CO2 reduction over Cu–RuOx). In addition, electron
accumulation on co-catalyst allows the discharge of more than one
electron at a time, facilitating the multi-electron CO2 reduction
processes.
The choice of the co-catalysts varies from different photocata-
lysts for reaching their best photoactivity. To date, the co-catalyst
application strategy for CO2 reduction is mainly focused on CO2
reduction co-catalysts. However, there are other strategies used
in photocatalytic or photoelectrocatalytic (PEC) water splitting
system, such as (1) oxidation co-catalysts for hole removal from
photocatalyst and (2) binary co-catalysts system for both reduction
and oxidation reactions.
Noble metals Pt, Cu and Ag are the three most commonly
used co-catalyst for CO2 photoreduction. Loading Pt co-catalyst
s Today 224 (2014) 3–12 9
g
a
r
P
h
b
k
P
t
c
p
o
o
c
H
a
s
6
s
w
p
a
H
r
h
B
t
o
o
C
A
p
o
p
p
w
b
a
i
s
m
e
r
N
I
b
t
e
C
i
g
W
c
t
a
t
c
w
[
c
t
e
eK. Li et al. / Catalysi
enerally beneﬁts the formation of CH4 whereas CO is more prefer-
ble in the presence of Cu or Ag. Yamakata et al. reported that the
ecombination of electrons and holes was greatly retarded when
t was loaded on photocatalysts [97]. Pt loaded TiO2 and Zn2GeO4
ave been used for photocatalytic CO2 reduction, CH4 was  found to
e the only reduction product [73,98]. However. Pt is also a well-
nown co-catalyst for water reduction. In one of our experiments,
t loaded KTaO3 was used to photoreduce CO2 under UV irradia-
ion. It was found the hydrogen yield was dramatically increased
ompared to pristine KTaO3, while only trace amount of CH4 was
roduced [79]. Thus, how to controlling the competition reaction
f water reduction is important, as Pt may  facilitate the activation
f H2O. To overcome the problem, Zhai et al. used a Pt/Cu2O binary
o-catalyst with a core/shell structure for CO2 reduction over TiO2.
2, CO, CH4 and O2 were formed and the presence of Cu2O shell
ttributed to the higher yield of CO. Pt co-catalyst decreased the
electivity of CO2 reduction, whereas the selectivity increased from
0 to 80% by loading Cu2O shell. It was proposed that the Cu2O
hell provided the preferential reaction sites for CO2 conversion
hile the Pt core was served as electron sink to “collect” the
hotogenerated electrons from TiO2. Therefore, the deposition of
 Cu2O shell on Pt markedly suppresses the reduction of H2O to
2, a competitive reaction with the reduction of CO2 [99].
Copper and silver have been widely used as co-catalysts for CO2
eduction. Owing to the effect of Cu as electron trapper to pro-
ibit the recombination of electron–hole pairs, the loading of Cu to
aLa4Ti4O15, ZrO2, SiC and TiO2 could efﬁciently enhance their pho-
oactivities [100–103]. Peterson et al. investigated the mechanism
f Cu as co-catalyst for CO2 reduction. They found the weak bonding
f CO to copper surface prevented the formation of adsorbed CO to
HO, which was a crucial intermediate for the hydrocarbon [104].
g-loaded BaLa4Ti4O15, SrTiO3 and TiO2 have been utilized for CO2
hotoreduction [105,106]. It is worth to point out that the addition
f Ag, Cu and NiOx to BaLa4Ti4O15 as a co-catalyst resulted in the
hotoreduction of CO2, whereas only H2 and O2 were detected for
ristine BaLa4Ti4O15. Enhancements in the production of H2 and O2
ere also observed when Ru and Au were loaded, but CO could not
e detected. These results indicate that both Cu and Ag can function
s reaction sites for CO2 reduction and electron trapper.
Although noble metal co-catalysts are well-known for improv-
ng photocatalytic activity, development of low-cost co-catalyst
eems extremely important. To date, several types of non-noble-
etal co-catalysts, such as NiO, Co–Pi, MoS2 and WS2, have been
ngaged in photocatalytic reactions [107–111]. Kudo et al. ﬁrst
eported the overall water splitting using Ni/NiOx-loaded La doped
aTaO3 in 2000. Later, NiO was employed as a co-catalyst on
nTaO3, Sr2Nb2O7 and Sr2Ta2O7, etc. Co–Pi was ﬁrst reported for
oosting water oxidation in 2008, which could signiﬁcantly lower
he overpotential required for water oxidation. Recently, Durrant
t al. studied the dynamics of photogenerated charge carriers in
o–Pi loaded Fe2O3 by transient absorption spectroscopy. The
mprovement was ascribed to the increased life time of photo-
enerated holes by at least 3 orders of magnitude [112]. Recently,
ang et al. reported the addition of MgO  on TiO2 to enhance the
hemisorption of CO2 onto the catalyst surface greatly accelerated
he photocatalytic reduction of CO2 to CH4 [113]. Molybdenum
nd tungsten sulphides have also been reported for water reduc-
ion over CdS, which may  serve as potential non-noble metal
o-catalysts for CO2 reduction [114,115]. Enhancement of overall
ater splitting was also found over NaTaO3 coupled with [Mo3S4]4+
116]. Nevertheless, the stability and safety issues of metal sulﬁde
ompounds may  limit their practical applications.In conclusion, several factors are important for a good pho-
ocatalyst, e.g. small particle size, high surface area and right
xposing facets besides long lived charge carriers. Furthermore,
ven though the photocatalyst is suitable for CO2 reduction,Fig. 4. Fluidised bed batch reaction setup for CO2 photoreduction.
Reproduced from Ref. [72].
the photogenerated electron and hole may  recombine if there
are no suitable active/reaction sites available on the surface of
the light harvesting semiconductor. Therefore, it is essential to
introduce active catalytic sites for CO2 reduction on the surface of
semiconductor by loading co-catalysts.
6. Development of photoreactors
Photoreactor development is an engineering approach to
enhance efﬁciency of CO2 conversion. It involves advancing the
light harvesting technique, reducing loss of photon, improving
products separation and inﬂuencing charges carrier recombination
as well as the reactive surface area of a photocatalyst. The reactor
system can be grouped into two categories: ﬂuidised bed reactor
and ﬁxed bed reactor. Fig. 4 shows a ﬂuidised bed batch reactor sys-
tem, it is the most commonly used system. Fluidised bed reactor is
operated as a batch process in two-phase heterogeneous system.
The photocatalysts are suspended in a ﬂuid-like state providing
highly dispersed photocatalysts with agitation by magnetic stirrer
to prevent catalyst sedimentation. Reaction starts with ﬁlling CO2
into the sealed reactor (some may  ﬁrstly remove air by vacuum to
improve the purity), then light irradiates from the top of the reac-
tor. The sample is taken in a ﬁx time interval by gastight syringe
or on-line automatic sampling system. It should be noted the types
of lamp, reactor size and amount of water and photocatalyst used
may  vary in different systems.
The light harvesting efﬁciency can be increased by changing the
lamp position. As shown in Fig. 5, in an inner irradiation cell, the
lamp is placed inside the reactor. Hence the light loss by reﬂection
is minimized.
Wu  et al. also developed ﬁber reactor to reduce the loss of
light. CO2 photoreduction was  performed where photocatalyst was
coated on optical ﬁber (the ﬁxed bed) and the ﬂuid was guided to
form a plug-ﬂow-state [105]. As shown in Fig. 6, the ﬁber served as
a medium to deliver light effectively and uniformly to the surface of
a photocatalyst. When light travels inside the ﬁber, part of the light
is reﬂected and transmitted along the ﬁber and the rest of the light
penetrates and excites the TiO2 layer at the interface. NiOx-loaded
InTaO4 photocatalyst has been used to compare ﬁber reactor and
conventional reactor for CO2 photoreduction. The methanol yield
10 K. Li et al. / Catalysis Today 224 (2014) 3–12
Fig. 5. Illustration of inner irradiation cell for CO2 photoreduction.
Reproduced from Ref. [117].
Fig. 6. (a) Schematic illustration of an optical-ﬁber photoreactor and (b) the schematic diagram of light transmission and spread in a TiO2 coated-optical ﬁber.
Reproduced from Ref. [105].
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eproduced from Ref. [65].
n optical ﬁber reactor was 14 times higher than the yield in the
onventional batch reactor [60]. In another report, CO2 photore-
uction was conducted over Pd and Rh-loaded TiO2 in an optical
ber reactor. Quantum efﬁciency (0.049%) achieved in the optical
ber reactor is higher than that in a conventional batch reactor
0.002%) [118].
Lo and co-workers reported a circulation photocatalytic reac-
ion system using a ﬁxed bed for CO2 conversion, which is shown in schematic diagram of a close circulated system setup.
Fig. 7. The circulation reactor has advantages over the conventional
batch reactor in providing a high uniformity of the gas concentra-
tions distribution inside the reactor and shortening the reaction
time. In addition, the immobilized photocatalyst offers high speciﬁc
reactive surface area.
Ichikawa and Doi reduced CO2 using a Naﬁon ﬁlm as a proton
separator coated by TiO2 and ZnO/Cu on different sides in the pres-
ence of an external bias [119]. As shown in Fig. 8, the system consists
K. Li et al. / Catalysis Toda
Fig. 8. Schematic illustration of a photoreactor equipped with proton separator.
Reproduced from Ref. [119].
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[15] H. Chen, C. Nanayakkara, V. Grassian, Chem. Rev. 112 (2012) 5919–5948.Fig. 9. Photo of solar concentrator employed in Wu  et al. study.
eproduced from Ref. [121].
f a thin ﬁlm TiO2 and an electrocatalyst which were coatedon a
aﬁon ﬁlm. The reactor separated the production of oxidation and
eduction products to avoid further reactions between products
s well as reduce energy required in subsequent puriﬁcation. Fur-
hermore, the use of proton membrane reduced the chance of the
ack reaction between proton and O2. Recently, Wu et al. adapted
 similar reactor design for CO2 photoreduction using WO3 as an
xidation catalyst and CuAlGaO4 or Rh doped SrTiO3 as a reduction
hotocatalyst [120].
CO2 photoreduction over ruthenium dye-sensitized TiO2-based
atalysts under concentrated sunlight has been rendered by
guyen et al. [121]. A solar concentrator was used to provide the
oncentrated sunlight. It consisted of a series of reﬂecting surface
hich gathered large area light into a focus zone (Fig. 9). As sun-
ight is the preferable energy provider for this technology, the solar
oncentrator is beneﬁcial for boosting the technology further.
In summary, the ﬂuidised batch photoreactor is still the most
ommonly used photoreactor. Both the top and inner illuminated
hotoreactor are equally popular. The actual design in different
esearch group may  be varied slightly, for example, some equip an
nferred ﬁlter to remove the heat, others use water bath to main-
ain the reactor temperature. Although advancing reactor designy 224 (2014) 3–12 11
has demonstrated an alternative way  to optimize the photocon-
version efﬁciency, this ﬁeld has not been extensively investigated.
Only limited literatures on reactor design have been published so
far. It seems an efﬁcient and appropriate reactor’s design is still at
its fancy stage. On the other hand, a ﬂuidised batch photoreactor
can provide a simple environment to scan different photocatalysts
in practice.
7. Conclusion
Tackling global warming and fuel crisis is one of the key chal-
lenges in this century. Amongst all the techniques to be used for
carbon dioxide reduction, photocatalytic CO2 conversion has its
unique advantages that it solely utilises the most abundant solar
energy which should not increase CO2 emission. This technology
not only provides an alternative way to produce the sustainable
fuels, but also convert the waste CO2 into valuable chemicals, which
is important for keeping our environment clean and development
sustainable. There are limitations in the process of CO2 photore-
duction and various strategies have been developed to overcome
them. However, more efforts are required to improve the efﬁ-
ciency of the photoreduction reaction. The development of the
novel heterostructured photocatalysts with considerable activity,
high reaction selectivity for CO2 reduction and stability is extremely
urgent. The crucial role of co-catalysts should be further investi-
gated and the mechanism of the photochemical process is little
understood, which limits the reaction efﬁciency and requires large
efforts. In parallel, the efﬁcient photoreactor and reaction system
engineering are important but with limited success up to now. In
total the technology is rather challenging, thus huge amount of
effort should be put into searching a low-cost and robust artiﬁcial
photocatalyst, understanding the underlying chemical processes
and designing an efﬁcient reaction system.
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